We report the effect of air exposure on the electronic properties of pentacene single crystals. Air can diffuse reversibly in and out of the crystals and influences the physical properties. We discern two competing mechanisms that modulate the electronic transport. The presence of oxygen increases the hole conduction, as in dark four O 2 molecules introduce one charge carrier. This effect is enhanced by the presence of visible light. Contrarily, water, present in ambient air, is incorporated in the crystal lattice and forms trapping sites for injected charges. Pentacene is a good material for electronic devices like field effect transistors. [1] [2] [3] [4] [5] [6] [7] [8] However, the results obtained by different research groups are not always consistent. This can be attributed in part to the fact that the performance of the devices depends critically on the environmental conditions. [9] [10] [11] We report the electronic properties of pentacene single crystals under controlled conditions of pressure, gas composition, illumination, and in time. We provide experimental evidence that the influence of air on the charge carrier conduction consists of two separate, distinguishable contributions. Air diffuses into pentacene and can be completely removed by reevacuation. Thus, no irreversible chemical reactions, like oxidation of pentacene to pentacenequinone, can be detected during the diffusion process. We demonstrate that oxygen absorption is responsible for an increase in the conductivity, and its effect is enhanced by the presence of visible light. In contrast, water present in ambient air will form trapping sites for the injected charges. This will reduce the number of free charge carriers, and thus the value of the conductivity. These opposite effects may account for the contradicting reports on the influence of ambient conditions.
Pentacene single crystals with a high degree of purity were grown using the vapor transport technique. 12 The growth was preceded by the purification of the starting material using a two-step vacuum sublimation process under a temperature gradient described elsewhere. 8 We performed thermogravimetric analysis ͑TGA͒ on pentacene single crystals at room temperature to determine the changes in mass. The increase in weight at normal pressure in the presence of different gas flows ͑air, O 2 , N 2 , and Ar͒ were measured using a SDT 2960 from Thermal Analysis Instruments.
The crystals are platelets with dimensions of ϳ3 ϫ 3 mm in plane and thickness of 15-20 m. Silver epoxy stripe contacts were painted on the crystal, with a distance of 3 mm. The electrical measurements were performed in a home built micromanipulator probe station, connected to a turbopump and to gas supplies. The system is equipped with a glass window for optical inspection. This window is covered for the experiments performed in dark ͑Fig. 2͒. Otherwise, the samples are exposed to ambient fluorescent light ͑Fig. 3͒, with no additional illumination. A Hewlett Packard 4155B Semiconductor Parameters Analyzer was used to perform electrical measurements. All measurements were performed at room temperature. Figure 1 shows the evolution in time of the current density J versus applied voltage V characteristics for single crystal pentacene in dark, after venting the system with dry and ambient air, respectively. We associate the behavior at low bias with Ohmic behavior: J ϰ V x with x = 1. The observed values of x range from 0.7 to 1.3 for different samples, which we relate to the quality of the contacts. In this regime, no marked changes in the conductivity are induced by the presence of oxygen or water vapor. However, the space-chargelimited current regime SCLC ͑J ϰ V 2 ͒ is influenced by exposure to air. Here, J increases upon exposure to dry air, whereas J decreases upon exposure to ambient air. We interpret this behavior that the induced carriers are located in shallow trapped states and are only released beyond a critical field. The quantitative analysis of the transport changes, introduced by absorbing air, are performed in the SCLC regime ͑V = 100 V͒. In dry air, the number of holes introduced a͒ Author to whom correspondence should be addressed; electronic mail: t.t.m.palstra@rug.nl by the O 2 molecules increases in time, leading to an increase in the charge carrier density. The system will achieve the SCLC regime at smaller bias voltage.
In the inset of Fig. 1 we plot the weight increase of pentacene single crystals upon exposure to 5N dry air ͑ Ͻ17 ppm water vapor͒, at room temperature and atmospheric pressure, expressed as a molar fraction of air in pentacene. The mass of the accumulated air in the crystal structure of pentacene was calculated assuming that the change in mass is caused only by absorption of gases. This assumption is supported by the observation that the process is completely reversible. The same trend is observed for the measurements performed in pure O 2 , N 2 , and Ar. The time constants are determined by the size and shape of both crystals and diffusing molecules. As the diffusion coefficients have similar values, we conclude that there is no selectivity with respect to any of the gases. The saturation values are within experimental accuracy the same for the different gases: 2.0% ± 0.3%.
We used Fick's second law to model the diffusion of gases into pentacene single crystals. We solve this equation for the one-dimensional case, constant diffusion coefficient D, and an inexhaustible source. The total quantity of gas molecules in the pentacene crystal is obtained by integrating this solution over the length of the diffusion profile. The result is normalized and expressed in molar fraction of gas molecules in pentacene. An extra term needs to be added in the solution ͑N start ͒. This term reflects the fact that the measurement starts at t = 0 with a quantity of gas that was accumulated in crystal during venting to atmospheric pressure and subsequent handling. The equation that models the diffusion of gases in pentacene is thus:
where N͑t͒ is the molar fraction of gas at time t, N source is imposed by the gas flow, d is the length of the crystal in the direction in which the 1D diffusion occurs, D is the diffusion coefficient, and N start is the value of the molar fraction accumulated before the TGA measurement. For the case of dry air ͑inset molecules air/molecules pentacene. Our results show that the diffusion length is similar to the thickness of the crystal. Therefore, the diffusion proceeds via the largest surface area, perpendicular to the layers. This suggests that the oxygen molecules may not accumulate between the van der Waals bonded layers, but within the layers. We investigate the influence of the absorbed gas molecules on the changes in the electrical current. Prior to the experiments, the samples were outgased in vacuum ͑p =5 ϫ 10 −7 mbar͒ in the measurement chamber for at least 100 min. The measurements can be reproduced after reevacuation, as the gases diffuse reversibly in and out of the crystal. In order to study the influence of environmental conditions on the electrical properties, the pentacene single crystals were exposed to both 5N dry air and ambient air, using a leak-valve connected to the measurement chamber. For the experiments performed in dark, we measured both while outgassing and venting the chamber to ensure that the changes originate from diffusion and not from charging. The evolution of the electrical properties in time was recorded immediately after venting the system to atmospheric pressure. The initial time, t = 0, is taken when pressure equals atmospheric pressure.
The effect of oxygen exposure in dark is studied when venting with dry air Figs. 2͑a͒ and 2͑b͒. As the pressure increases ͓Fig. 2͑a͔͒, oxygen will diffuse into the crystal, and the conductivity increases. The I -V curves are measured immediately after the desired pressure is reached. Once the system is at atmospheric pressure, the current continues to increase ͓Fig. 2͑b͔͒ because the diffusion still continues. A comparison of the inset in Fig. 1, with Fig 2͑b͒ reveals a remarkable consistency. The time evolution of the electrical current mirrors that of the oxygen absorption. When venting with ambient air, both water vapor, and oxygen are introduced into the chamber ͓Figs. 2͑c͒ and 2͑d͔͒. We noticed that in ambient air, the effect of oxygen exposure is counteracted by the exposure to water. Analyzing the magnitude of the induced changes in the current by combining oxygen and water, one can distinguish two pressure regimes ͓Fig. 2͑c͔͒. At low pressure ͑p Ͻ 10 −2 mbar͒, the conduction is independent of air pressure. This leads us to conclude that the two effects are opposite and of the same magnitude. At p =10 −2 mbar, a sudden drop in the current is observed. Apparently, for p Ͼ 10 −2 mbar the introduction of scattering sites exceeds the creation of holes, and this has a major effect on the conduction. This is reflected also in the results at atmospheric pressure, where diffusion of dry air causes a current increase of 25% ͓Fig. 2͑b͔͒, whereas ambient air diffusion cause a drop of 45% ͓Fig. 2͑d͔͒. Figure 3 shows the evolution of the current under the same conditions, but now in the presence of light. The effect of oxygen diffusion is stronger than in dark ͓Figs. 3͑a͒ and 3͑b͔͒. This is reflected in the increase of the current, which is a factor 2.4 larger in dry air than in ambient air. As the effect of water is independent of the presence of light, the total influence of ambient air on the crystal properties will be different in the presence of light. Consistent with the measurements in dark, we find two pressure regimes. At low pressure ͑p Ͻ 10 −2 mbar͒, the oxygen doping is the dominant factor of the conduction mechanism. At p =10 −2 mbar, the effect of oxygen is decreased, and therefore a change in slope is observed ͓Fig. 3͑c͔͒. However, the presence of oxygen remains the most important factor, as the value of the current increases with pressure. After venting with ambient air, the doping caused by oxygen, activated by illumination, gives a stronger effect than the trapping of charges by water.
We relate the changes that we observe in the electrical properties to the diffusion of gases into the crystal. Our model includes two competing mechanisms associated with the two different chemical species that influence the conduction, affected by external factors such as light. On the one hand, water absorbed by exposure to ambient air, 13 will create new trapping sites for the charges that are injected from the electrodes.
14 This will decrease the value of the electrical conductivity. This effect is independent of the exposure to light. The polar nature of the H 2 O molecules causes interactions with the injected charges and increases the energetic disorder. 15 This will lead to a decrease of the conduction. Oxygen present in air will be incorporated in the crystal structure, as shown in the inset in Fig. 1 . Because of its electronegativity, it will attract electrons from the pentacene molecules and this process will generate holes. The density of charge carriers responsible for the conduction will thus increase, and accordingly the value of the current will increase. This process is enhanced by the presence of light. The measurements performed in pure N 2 and Ar under identical conditions show insignificant changes in the electrical properties, despite a similar amount of absorption.
The value of the hole current is affected by the number of gas molecules present in the crystal and thus varies in time: J p ͑t͒ = e p p͑t͒E, where e is the elementary charge and p is the mobility of holes in pentacene. The term p͑t͒ is the density of charge carriers and consists of several terms: p͑t͒ = p inj + p dop − p traps . Here p inj represents the hole density injected from the contacts, and p dop is the hole density induced by exposure to oxygen, which is a fraction of the number of air molecules absorbed in the solid, p dop = 0.2· oxygen · N͑t͒. The oxygen efficiency oxygen is thus defined as the inverse of the number of oxygen molecules required to generate one hole. The term p traps = p def + p imp + p water is the density of traps in the band gap. In vacuum a fraction of the injected charges are trapped by crystal defects, p def , and impurities, p imp . In ambient air, an extra term is added in the trapping sites due to the presence of water molecules, p water ͑t͒ = ␤N͑t͒, which is a fraction of total number of the air molecules N͑t͒ accumulated in the crystal. Combining the measurements performed in pure air ͓Figs. 2͑b͒ and 3͑b͔͒, with N͑t͒ taken from Fig. 1͑inset͒ , we can determine the oxygen efficiency oxygen . This number is constant and independent of time with oxygen Ϸ 0.25 in dark and oxygen Ϸ 0.5 in light. This means that the efficiency of the oxygen exposure induced doping is independent of oxygen loading and it is increased by light exposure. Roughly two O 2 molecules are needed in light to create one hole, compared with four molecules in dark.
In ambient air, the number of trapping sites is proportional to the number of water molecules that diffuse into the crystal. We introduce the ratio: ⍜ water = p inj − p water / p inj that quantifies the fraction of untrapped charge carriers: ⍜ water = 1 in vacuum. After exposure to ambient air, the value of ⍜ water is reduced. ⍜ water is calculated by substracting Fig.  2͑b͒ and 3͑b͒ from Fig. 2͑d͒ and 3͑d͒ , using appropriate geometrical factors. The effects of water in dark and light have similar magnitudes, and they follow the diffusion of water, introduced from ambient air.
In conclusion, we have investigated the intercalation of gases in pentacene single crystals 16 and its effect on the electronic properties. We differentiate between the exposure to oxygen and water. Absorbed oxygen enhances the conduction by introducing holes near the valance band. Absorbed water molecules create new defect states, which trap the injected charges. This insight in the relationship between the macroscopic diffusion of gas in organic conductors and the effect on the physical properties may lead to an improved control of the device performance.
